In Rhizobium melilofi, the genes involved in biosynthesis of the amino acid tryptophan are found at three separate chromosomal locations. Of the three gene clusters, trpE(G), trpDC, and trpFBA, only the tipE(G) gene is regulated by the end product of the pathway, tryptophan. We found that trpE(G) mRNA contains a leader transcript that terminates at a stem-loop structure in a putative transcription attenuator. The level of this leader transcript was constant regardless of the amount of tryptophan in the growth medium. However, the level of full-length trpE(G) mRNA decreased as the amount of tryptophan increased. The 3-galactosidase activity of an R. meliloti strain carrying a tipL'-'lacZ fusion remained constant at different tryptophan concentrations, but the 0-galactosidase activity of the same strain carrying a trpE(G)'-'lacZ fusion decreased as the tryptophan concentration increased. These data indicate that transcription of the R. meliloh tpE(G) gene is regulated only by attenuation. We also found that the product of the trpE(G) gene, anthranilate synthase, is feedback inhibited by tryptophan.
Regulation of the genes involved in tryptophan biosynthesis is quite diversified among procaryotes. In some enteric bacteria, including Escherichia coli, these genes are clustered in a single operon (7, 31) . This operon is transcribed from a single promoter, and its expression is regulated at the transcriptional level by both repression and attenuation (8, 30) . In Acinetobactor calcoaceticus, the tryptophan genes are clustered at three different locations and all of them are regulated by tryptophan (6) . On the other hand, Chromobacterium violaceum does not regulate any of its tryptophan genes transcriptionally (27) .
The genes in the tryptophan biosynthetic pathway of Rhizobium meliloti are clustered at three different chromosomal locations (1, 3, 13) . The three clusters are trpE(G), trpDC, and trpFBA. The deduced amino acid sequence of the N-terminal portion of the fused trpE(G) gene of R. meliloti is homologous to the large subunit of anthranilate synthase, which is encoded by a separate gene, trpE, in other bacteria (1) . The deduced amino acid sequence of the C-terminal portion of the R. meliloti trpE(G) gene is homologous with the small subunit of anthranilate synthase, which is encoded by a separate trpG gene or by the N-terminal portion of the trpD gene in other bacteria (1, 7, 31) . In Rhizobium leguminosarum, a close relative of R. meliloti, the clusters of trpFBA and trpDC are not regulated (12) . It is known that the R. leguminosarum trpE gene is regulated, although the mechanism has not been determined (12) . These data suggested to us that the R. meliloti trpE(G) gene might also be regulated.
In this article, we report that transcription of the R. meliloti trpE(G) gene is indeed regulated in response to tryptophan, and regulation is solely by attenuation. We also report that the product of the unusual trpE(G) gene, anthranilate synthase, in which the two subunits are fused in a * Corresponding author. t This paper is dedicated to the memory of Irving P. Crawford, who passed away on 8 October 1989. single polypeptide, is feedback inhibited by tryptophan, as is the case for all known bacterial anthranilate synthases.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids used in this study are listed in Table 1 . TY medium (2) was used as a complete medium for Rhizobium strains, and Luria broth (15) was used for E. coli. M9 medium (18) was used as minimal medium for both species. Antibiotics used were streptomycin (1 mg/ml), tetracycline (5 jig/ml for Rhizobium strains and 15 ,ug/ml for E. coli), and ampicillin (100 ,ug/ml).
RNA preparation. Total RNA from R. meliloti cells was prepared as described previously (1) .
Northern (RNA blot) hybridization. RNA (34 ,ug) from R. meliloti RCR2011, grown in M9 medium supplemented with 0.2% sucrose, 0.15% acid-hydrolyzed casein, and 10 ,ug of L-tryptophan per ml was dissolved in 20 RI of loading buffer (90% formamide, 0.5x TBE [15] , 0.025% xylene cyanole, and 0.025% bromophenol blue). The solution was heated at 85°C for 15 min and immediately loaded on a 7 M urea-5% polyacrylamide gel. The This study  pYB9  Tcr mob  This study  pRK404  Tcr mob  10  pYB26  Ampr  This study  pYB27   Tcr mob  This study  pYB40 Tcr mob This study not to the region of trpE(G) mRNA distal to the 3:4 stem of the terminator. This probe was labeled by nick translation (15) .
Molecular weight markers were synthesized by in vitro transcription as follows: plasmid pGEM-3Z DNA carrying an SP6 promoter was cleaved separately by PvuII, BstNI, and EcoRI, extracted once with a 1:1 mixture of phenol and chloroform and once with chloroform only. Reaction mixtures were ethanol precipitated, vacuum dried, and suspended in H20. These truncated DNA templates were then mixed together and transcribed in vitro by using 10 U of SP6 RNA polymerase in the presence of [a-32P]UTP. Reaction mixtures (20 ,ul) also contained 40 mM Tris hydrochloride (pH 7.5); 6 mM MgCl2; 2 mM spermidine; 10 mM NaCl; 25 U of RNasin; 0.5 mM ATP, GTP, and CTP; and 0.05 mM UTP. After incubation for 1 h at 37°C, the RNA product was extracted twice with a mixture of phenol and chloroform and once with chloroform only. It was then ethanol precipitated and treated exactly the same as the Rhizobium RNA. Si nuclease protection. Si nuclease protection was performed as described previously (1) , except that the probe (a 234-bp Sau3AI-Sau3AI fragment [ Fig. 1 h at 30°C, RNA was prepared from these cultures as described earlier (1) . RNA from these cells was dissolved in the spotting buffer (50% formamide, 6% formaldehyde), incubated for 1 h at 50°C, chilled on ice, and spotted on GeneScreenPlus filters. The filters were then hybridized with two nick-translated probes, a 393-bp Sall-Sall fragment ( Fig. 1, probe 3 ) or a 120-bp NcoI-Sau96I fragment (Fig. 1 , probe 1).
Construction of mutant strains of R. meliloti. The transferable plasmid pYB9, containing most of trpE(G), was constructed ( Fig. 2 ). E. coli S17-1 was transformed with pYB9 to yield E. coli YB9. (Fig.  3) .
To obtain a Lac-Rhizobium strain, YB33 cells were grown in TY medium to late log phase (optical density at 600 nm = 0.7) without treating them with a mutagen. The culture was diluted and spread on TY plates supplemented with streptomycin (1 mg/ml) and 5-bromo-4-chloro-3-indolyl-p- 
Construction of plasmid pYB9. Plasmid pEG220 carries the entire R. meliloti trpE(G) gene (1) . The BcI-SmaI fragment of this plasmid containing the promoter, attenuator and the N-terminal portion of trpE(G) was deleted from pEG220 generating pYB8. Since pYB8 cannot be transferred to Rhizobium strains by conjugation, the EcoRI-PstI fragment of pYB8 was inserted into the transferable plasmid pSUP202, resulting in pYB9.
on a total of 20 plates and was designated YB41. This strain had significantly lower ,-galactosidase activity (0.7 U) than its parental strains, YB33 or RM1021 (6.5 U each). Plasmids pYB27 [trpE(G)'-'lacZ fusion] and pYB40 (trpL'-'lacZ fusion) were constructed (Fig. 4) . Strains YB43 and YB44 were obtained by transferring pYB27 and pYB40 into YB41, respectively. FIG. 3 . Southern hybridization to test for the presence of trpL and the attenuator in the R. meliloti chromosome. Chromosomal DNA from R. meliloti was digested with EcoRI and separated on an agarose gel. After transfer to two nylon filters, the DNA was hybridized with the following probes: A, 509-bp HindIII-BssHII fragment of pEG220 (Fig. 1, probe 5) ; B, 722-bp BssHII-HindIII fragment (Fig. 1, probe 4) . Lane 4 . Construction of pYB27 and pYB40. The HindIII-XhoII fragment of pEG220 was inserted into pMC1403 to make a trpE(G)'-'lacZ fusion. Since pMC1403 and its derivatives do not replicate in Rhizobium strains, the PstI-StuI fragment containing the fused genes was inserted into pRK404, which can be transferred to Rhizobium strains by conjugation. Plasmid pYB40 was constructed the same way, but this plasmid contains the trpL'-'lacZ fusion.
YB44 were grown in TY medium at 30°C to mid-log phase, centrifuged, washed once, and suspended in the original volume of M9 minimal medium containing no tryptophan. One drop of this suspension was used to inoculate 5 ml of M9 medium supplemented with 0.2% glucose, 0.15% acid-hydrolyzed casein, 6 jig of tetracycline per ml, and various concentrations of tryptophan. After 2 days of incubation at 30°C, 1 drop of each culture was transferred to fresh medium of the same composition. These cultures were grown for another 2 days and used to measure ,-galactosidase activity by the method of Miller (18) .
Assay of anthranilate synthase feedback inhibition. An R. meliloti trpC mutant was grown in 1.5 liters of M9 medium supplemented with 5 ,ug of L-tryptophan per ml until no increase in turbidity was observed. The cells were harvested by centrifugation in a GSA rotor in a Sorvall RC-5 centrifuge at 4°C for 5 min at 8,000 rpm. The pellet was washed twice with 200 ml of ice-cold 0.1 M KPO4 (pH 7.5)-10 ml of 2-mercaptoethanol-0.1 M EDTA-2mM MgCl2-30% glycerol. The cells were then suspended in 5 ml of the same buffer and disrupted by sonication on ice. Cell debris was removed by centrifugation in an SS-34 rotor for 25 min at 15,000 rpm. The supernatant was incubated with various concentrations of L-tryptophan, and anthranilate synthase activity was measured spectrofluorometrically as described previously (6, 23 
RESULTS
Detection and analysis of the attenuated transcript. Previously, we reported the presence of an attenuator-like structure (Fig. 5) upstream from the R. meliloti trpE(G) coding sequence (1). The 3:4 hairpin of this structure has a G-C-rich stem followed by a stretch of six thymine residues that are typical of a rho-independent transcription terminator (19) .
To test whether this structure functions as a transcription terminator in vivo in the presence of tryptophan, we isolated a 120-bp NcoI-Sau96I fragment of pEG220 to use as a probe that is complementary to the tentative leader transcript (Fig.  1, probe 1) . RNA from R. meliloti RCR2011 grown in M9 minimal medium containing 10 ,ug of tryptophan per ml was separated in a denaturing polyacrylamide gel and transferred to a hybridization membrane. This was hybridized to the nick-translated probe. The result (Fig. 6) An S1 mapping experiment was performed to accurately determine where transcription terminates. A 234-bp Sau3AI-Sau3AI fragment (Fig. 1, probe 2 ) was labeled at its 3' ends by using the Klenow fragment of DNA polymerase I of E. coli, strand separated and hybridized with R. meliloti RNA. The result (Fig. 7) indicates that transcription terminates at the second and third thymine residues of the stretch of six thymine residues following the 3:4 hairpin structure (Fig. 5) . Therefore, we conclude that the 3:4 hairpin structure functions in vivo as a transcription terminator.
Measurement of trpE(G) mRNA levels at various concentrations of tryptophan. The levels of trpE(G) mRNA at various concentrations of tryptophan were studied by dot blot analysis. A 393-bp Sail-Sall fragment (Fig. 1, probe 3 were then spotted on hybridization membranes at three different dilutions and hybridized with probes. The results (Fig. 8B) indicate that the amount of the RNA carrying the leader transcript is constant, regardless of the concentration of tryptophan in the growth medium. However, the amount of RNA carrying the trpE(G) coding region (complementary to probe 3) correlates with the concentration of tryptophan (Fig. 8A) . This indicates that the amount of trpE(G) mRNA decreases as the tryptophan concentration increases. Therefore, transcription initiation at the trpE(G) promoter is not regulated, but termination at the 3:4 hairpin structure is regulated in response to tryptophan.
Construction of fusion plasmids for assays of 1B-galactoidase activity. The data presented above indicated that transcription of the R. meliloti trpE(G) gene was regulated by attenuation in response to tryptophan. We decided to test whether or not the level of the protein product of this gene corresponded to the mRNA level.
To study this, two chimeric plasmids were constructed (Fig. 4) . To obtain a trpE(G)'-'lacZ fusion, a 738-bp HindlIlXhoII fragment from pEG220 (1) was inserted into the plasmid pMC1403. Since pMC1403 does not replicate in Rhizobium strains, a 6.6-kilobase (kb) PstI-StuI fragment from this fusion plasmid was inserted into plasmid pRK404. The resulting plasmid, pYB27, was used to transform E. coli JM109. To obtain a trpL'-'lacZ fusion, a 243-bp MspI-MspI fragment from pEG220 was isolated, modified in several steps (Fig. 4) Plasmid pSUP202 is transferred at high efficiency to Rhizobium strains from E. coli, but it does not replicate in Rhizobium strains (24, 25) . We inserted a deleted version of the R. meliloti trpE(G) gene which lacks the N-terminal portion of the trpE(G) gene and the trpE(G) promoter into pSUP202 to obtain plasmid pYB9 (Fig. 2) (Fig. 9) .
It has been reported that duplication of a segment on the chromosome is very unstable in many Rhizobium species (22, 24) . Consequently, a plasmid integrated into the chromosome by homologous recombination is usually lost at very high frequency. But this was not true for plasmid pYB9 integrated into the R. meliloti chromosome. We wanted to delete a segment of DNA containing the promoter, the attenuator, and part of the N terminus of the trpE(G) gene by homologous recombination (Fig. 9) . We grew R. meliloti YB29 carrying the integrated plasmid in TY medium without selection, with three transfers for 6 days to isolate a mutant strain which had lost the segment of DNA from its chromosome. The cells were then streaked on TY agar plates without selection. Of 600 colonies tested, all were Tcr Trp+. We also tried to enrich for Trp-mutants with penicillin, ampicillin, nalidixic acid, and D-cycloserine (18) . However, none of these methods was successful (data not shown).
Therefore, we developed a new method for enrichment for Tcs Trp-segregants.
We tested the Tcs selection agar described by Maloy and Nunn (14) with R. meliloti YB29. This medium was developed for the direct selection of tetracycline-sensitive revertants from a predominantly tetracycline-resistant population of E. coli and Salmonella typhimurium (4) . This medium has proven to be very effective for most E. coli strains tested.
When tested with Rhizobium strains, no colonies appeared on the agar plates prepared as outlined by Maloy and Nunn (14) . We modified the agar by omitting NaH2PO4 and ZnCl2 and by substituting TY medium for L broth. The NaCl concentration was lowered to 0.35 g/liter. Rhizobium strains did not grow on these plates (data not shown). We then omitted chlortetracycline in a second modified agar whose composition is shown in Table 2 . Bochner et al. (4) reasoned that NaH2PO4 lowers the pH of the medium to about 5.5, and the efficiency of the Tcs selection plates was higher at this pH for E. coli. However, this is an unfavorable pH for Rhizobium strains (26) . Therefore, NaH2PO4 was omitted. Bochner et al. (4) argued that autoclaved chlortetracycline is denatured, thus losing its toxicity for Tcs cells while retaining its inducing ability for Tcr cells by making them more susceptible to fusaric acid. Our data indicate that autoclaved chlortetracycline is also toxic for Rhizobium strains. Perhaps, either autoclaving at 121°C for 20 min was not enough to denature chlortetracycline completely or this antibiotic was denatured during autoclaving but renatured subsequently.
The Tcr Trp+ strain, designated YB29, was streaked on the Tcs selection plates (Table 2 ) to select strains that had eliminated the Tcr gene and one copy of trpE(G). Of 37 colonies picked from the Tcs selection plates, 2 were Tcs Trp-. These strains, YB33 and YB34, were shown to contain the correct deletion by Southern hybridization (Fig.   3 ).
Chromosomal DNA from RM1021, YB29, YB33, or YB34 was digested with EcoRI and hybridized with the nicktranslated 509-bp HindIII-BssHII fragment of pEG220 (Fig.  1, probe 5 ). This probe hybridized only with a 2.75-kb fragment from RM1021 (Fig. 3A) . However, YB29 showed an additional band of about 8.3 kb, indicating that this strain carries the integrated plasmid pYB9 in its chromosome (Fig.  9) . Strains YB33 and YB34 yielded a shorter band of 1.74 kb, about 1 kb shorter than that of RM1021, indicating that these strains had lost 1 kb of DNA from the region between the two EcoRI sites (Fig. 1) . (Fig. 1, probe 3) ; B, 120-bp NcoI-Sau96I fragment (trpL DNA) of pEG220 (Fig. 1, probe 1 ).
To test that the region containing the promoter, attenuator, and the N-terminal portion of the trpE(G) gene was completely deleted in YB33 and YB34, we used a 722-bp BssHII-HindIII fragment as a hybridization probe (Fig. 1,  probe 4 ). YB33 and YB34 carried no sequence complementary to this probe, although YB29 produced a band of about 2.75 kb (Fig. 3B) . These data confirmed the presence of the correct deletion. Strain YB33 was used for further study.
Although R. meliloti YB33 and its parental strain RM1021
both had low levels of P-galactosidase activity (about 6.5 U), the enzyme activity was high enough to form blue colonies on a TY plate containing X-Gal in a few days (unpublished observation). It has been reported that R. meliloti RM1021 carries a functional lacZ gene (11) . Therefore, YB41, a Lacderivative of YB33, was obtained as described in Materials and Methods. 13-galactosidase activity of strain YB41 is about 0.7 U, and this strain needs at least 10 days to form pale blue colonies on the TY plates containing X-Gal. Regulation of the trpE(G) gene at the translational level. R. meliloti YB41 (trpE(G) Lac-) containing either the trpE(G)'-'lacZ fusion (plasmid pYB27) or the trpL'-'lacZ fusion (plasmid pYB40) was grown in M9 medium containing various concentrations of tryptophan. The level of P-galactosidase activity of strain YB43, which carries the plasmid pYB27, was about 900 U in medium containing 5 ,ug of tryptophan per ml and decreased as the tryptophan concentration in the medium increased (Fig. 10) . The highest and the lowest P-galactosidase activities of YB43 differ by a factor of 6.3. We could not measure the 3-galactosidase activity at tryptophan concentrations lower than 5 ,ug/ml because strain YB43 did not grow at these concentrations.
As the mRNA level of the trpL region was not regulated by tryptophan concentration, the data obtained with strain YB44 were somewhat surprising. We expected its ,3-galactosidase activity to remain constant regardless of the tryptophan concentration. However, P-galactosidase activity increased slowly as the tryptophan concentration increased until it reached a plateau at 16 ,ug of tryptophan per ml. These results clearly indicate that there is no repression of trpE(G) by tryptophan, which is a common mechanism for regulating trpE in other bacterial species.
The combined data indicate that the production of anthranilate synthase encoded by the trpE(G) gene is regulated by attenuation at different concentrations of tryptophan. The data also confirm that attenuation is the sole mechanism by which tryptophan regulates transcription of trpE(G). Regulation of R. meliloti anthranilate synthase activity by tryptophan. Anthranilate synthase, which catalyzes the first step in the tryptophan biosynthetic pathway, is feedback inhibited by the end product of the pathway, tryptophan, in every organism examined so far (21, 32) . We tested whether the unusual Rhizobium anthranilate synthase, in which the two subunits encoded separately by trpE and trpG in other bacteria are fused into a single polypeptide, is feedback inhibited by tryptophan. Crude extracts of an R. meliloti trpC strain were prepared and used to measure the anthranilate synthase activity at various concentrations of tryptophan by using chorismate as a substrate. The results (Fig.  11) indicate that the activity of Rhizobium anthranilate synthase is inhibited by tryptophan and that inhibition is nearly maximal at a tryptophan concentration of only 5 ,uM.
We conclude that R. meliloti anthranilate synthase is also feedback inhibited by tryptophan.
DISCUSSION
We previously reported the cloning of the R. meliloti trpE(G) gene and the sequence of its DNA (1) . Holmgren and Crawford previously reported that the R. leguminosarum trpE gene was regulated by tryptophan, but the regulatory mechanism was not investigated (12) . In R. meliloti, the long spacing (160 bp) between the transcription and the translation initiation sites of the trpE(G) gene suggested that this region might be important for the function of this gene or for its regulation. In fact, we found a short open reading frame which resembles the trpL region of known bacterial attenu- ators as well as alternating stem and loop structures indicative of a transcription terminator in this region (1) . This information indicated that attenuation might be involved in regulation of this gene.
According to current models of attenuation, RNA polymerase should terminate transcription at the 3:4 stem in the presence of tryptophan (8, 29) . Northern blot and Si mapping analyses (Fig. 6 and 7 ) demonstrated that the leader transcript is produced in the presence of sufficient amounts of tryptophan and that the 3' terminus of this transcript resides in the stretch of six U's following the 3:4 stem (Fig.  5) . These data support the idea that this structure is a true attenuator, but they do not exclude the presence of another regulatory mechanism. However, data obtained from dot blot analyses (Fig. 8) show that transcription of the trpE(G) gene is under the control of the attenuator. Repression, which is very common for the regulation of the trpE gene of most other bacteria, is not involved in regulation of the R. meliloti trpE(G) gene. Regulation solely by attenuation has been reported for the biosynthetic pathways of other amino acids but not tryptophan (30) . In addition, no other bacteria have been reported to have their trpE genes regulated solely by attenuation.
We also investigated regulation of trpE(G) by constructing two translational fusion plasmids, trpL'-'lacZ and trpE(G)'-'lacZ. These experiments showed that production of the protein product of the trpE(G) gene is under the control of the attenuator. They also indicated that the leader transcript is actually translated, although it lacks a ribosome-binding site (Fig. 5) .
Previously, we reported that the trpL leader sequence does not contain a ribosome-binding site (1) . However, data ( Fig. 10) indicate that this reading frame is translated. In E. coli, an mRNA without a ribosome-binding site is translated very poorly (20) . Translation of the trpL mRNA without a ribosome-binding site in R. meliloti could be due either to the presence of a translation initiation factor that allows ribosomes to recognize this type of mRNA and to translate it or to the intrinsic ability of Rhizobium ribosomes to start translation efficiently at start codons at 5' ends of mRNAs. trpL mRNA of E. coli contains a good Shine-Dalgarno sequence, and this sequence is sequestered by formation of a duplex after RNA polymerase has passed through the attenuator (30) . The purpose of this is to prevent unnecessary translation of trpL. This kind of duplex formation was not evident in our study. We found no complementary sequences which could form a duplex with the trpL AUG codon or sequences flanking it. R. meliloti YB44, which contains the trpL'-'lacZ fusion plasmid, produces less ,-galactosidase activity at low tryptophan concentrations than at higher tryptophan concentrations (Fig. 10) . The activity increases as the tryptophan concentration increases, until it reaches a plateau at about 16 ,ug of tryptophan per ml. In contrast, the level of trpL mRNA remains constant regardless of the tryptophan concentration (Fig. 8) . This could be due to inefficient translation of the trpL'-'lacZ fusion mRNA at low tryptophan concentrations. Under these growth conditions, tryptophan would be depleted rapidly and the ratio of uncharged to charged tryptophanyl-tRNA would be high. The fusion gene, which contains 39 tryptophan codons, would then be translated inefficiently, although the mRNA is produced at a high level.
Alternatively, Rhizobium strains may have a protease which is activated by amino acid starvation. Tryptophan starvation could activate this protease which, in turn, would recognize and degrade the fusion protein. An increase in the degradation of stable proteins in E. coli upon amino acid starvation has been reported (17) .
In this study, we used a new method to select a mutant Rhizobium strain carrying a chromosomal deletion. We modified the Tcs selection agar described by Maloy and Nunn (14) and found that our modified agar worked nicely for Rhizobium strains. This agar should be very useful for deletion or replacement of chromosomal DNA in Rhizobium strains.
The result indicates that anthranilate synthase of R. meliloti is feedback inhibited by tryptophan (Fig. 11) . Our combined data indicate that transcription of the R. meliloti trpE(G) gene is solely regulated by attenuation and that the activity of its product, anthranilate synthase, is regulated by feedback inhibition.
